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ABSTRACT 

An a p p a r a t u s  is d e s c r i b e d  fo r  the vacuum p y r o l y s i s  of bi tuminous coal .  
Attention is focused  on the sol id  r e d - b r o w n  l a c q u e r  which is d i s t i l l ed  on to a 
condensing s u r f a c e  loca ted  ju s t  above the coa l  s a m p l e .  
spec t r a ,  m o l e c u l a r  weight, m o l a r  r e f r ac t ion ,  solubi l i ty  da t a ,  a n d  sof tening 
t e m p e r a t u r e s  a r e  r e p o r t e d .  
(1) m o l e c u l a r  weight de te rmina t ion  b y  m e a n s  of boi l ing point  e leva t ion  of a 
b i n a r y  azeot ropic  m i x t u r e ,  and  (2)  p r e p a r a t i o n  of so l id  s a m p l e s  for s p e c t r a l  
ana lys i s  by vapor  condensat ion on pol i shed  NaCl  a n d  K B r  p l a t e s .  It is concluded 
tha t  the so l id  condensa tes  r e p r e s e n t  p r i m a r y  decompos i t ion  p r o d u c t s  which hzve 
a c l o s e  r e s e m b l a n c e  to the p a r e n t  coal .  

M r a r e d  and u l t r av io l e t  

Two e x p e r i m e n t a l  techniques a r e  p r e s e n t e d :  
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Thermal degradat ion of coa l  y i e l d s  gaseous, l i q u i d ,  and s o l i d  products. The pr i  
mary decomposition products  which are i n i t i a l l y  formed probably decompose i n  turn, at 
the r e s u l t i n g  fragments react f u r t h e r  with each other  and with the s o l i d  residue t o  
form t h e  observed tars, l iquors ,  gases, and char. Due t o  these secondary reac t ions  
t h e  decomposition products  which are eventua l ly  observed may be f a r  removed from t h e  
o r i g i n a l  coa l  s t r u c t u r e ,  o f f e r i n g  few c lues  t o  the  chemical c o n s t i t u t i o n  of coal .  

Pyro lys i s  of c o a l  under reduced pressures  has  been used t o  minimize these secon- 
dary react ions.  The h i s t o r y  of vacuum pyro lys is  of coa l  is  reviewed by Howard (l), 
who reasoned that  a l l  of t h e  e a r l y  inves t iga t ions  suf fered  from secondary reac t ions  

.i because of poor vacuums (hence slow removal of t h e  primary decomposition products 
from the  heated zone), and long d i s t i l l a t i o n  pa ths  (causing the  primary decompositioz 
products  t o  s u f f e r  numerous molecular c o l l i s i o n s  i n  the  gas phase, or c o l l i s i o n s  w i t t  
heated sur faces  near t h e  sample holder) .  Locating the condenser wi th in  a dis tance 01 
one mean free pa th  of t h e  sample holder  would allow the primary decomposition producl 
t o  be  c o l l e c t e d  before  secondary reac t ions  took place. fn l i n e  with +these considera- 
t i o n s ,  Suet tner  and Howard (2) constructed a molecular s t i l l  f o r  t h e  pyro lys i s  of coz 
t o  525"C, and p r e s s u r e s  d a m  t o  0,001 m. 
a Gaede mercury vapor pump t o  avoid t h e  presence of c o n s t r i c t i n g  tubing i n  t h e  v a c u u  
l i n e ;  the  c o a l  sample w a s  d i s t r i b u t e d  i n  a h e l i c a l  holder  around a co ld  f iuger  type c 
condenser, so t h a t  t h e  evaporat ing sur face  w a s  about 22 mm from the condensing surfac 
Vacuum pyro lys is  of P i t t s b u r g h  Seam bituminous coal yielded semi-solids, yellow t o  . 
brown i n  c o l o r ,  as a g a i n s t  t h e  l i q u i d  c o a l  tars obtained by previous invest igators ;  r 

these semi-solids were considered t o  be a primary decomposition product which had no€ 
e x i s t e d  i n  t h e  c o a l  p r i o r  t o  d i s t i l l a t i o n .  

Their pyrex st i l l  r e s t e d  d i r e c t l y  on top 

"lie vacuum furnace  used i n  the  present  work was designed to achieve even lcwer 
pressures  Over t h e  sample surface,  t o  decrease the  sample-to-condenser distance, and 
t o  achieve a more r e l i a b l e  cont ro l  of temperature than was  here tofore  possible .  Thc 
product  which condensed a t  t a p  water temperature was  a so l id ,  reddish-brown, enamel-' 
l i k e  deposi t ,  no t  semi-sol id  o r  l i q u i d  as obtained by previous invest igators .  

VACUUM PYROLYSIS 

b a r a t u s  and Procedure 

a The d i s t i l l a t i o n  apparatus  cons is ted  e s s e n t i a l l y  of a vacuum furnace with 
assoc ia ted  pumps, p r e s s u r e  gauges, and temperature controls .  The furnace was de- i 
signed t o  s i t u a t e  the  c o a l  sample as near t o  t h e  condensing surface as possible ,  and; 
provide an ample, unobstructed passageway f o r  removal of uncondensed gases. 
Aut-tic temperature c o n t r o l s  gave unifozm hea t ing  rates, and served t o  control  
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somewhat t h e  r a t e ,  of gas evolution. 
source gave greater pumping capac i ty  than the  mercury d i f fus ion  p q s  and even 
water a s p i r a t o r s  used by previous inves t iga tors .  
i l l u s t r a t e d  i n  Figure 1. 

A n  o i l  d i f fus ion  pump as t h e  main vacuum 

The experimental arrangement is 

Three main sec t ions  made up the  body of the  furnace: a c i r c u l a r  base p l a t e  . 
which afforded a connection t o  the  vacuum pumps; - a c y l i n d r i c a l  s t e e l  furnace w a l l  
which contained a ground j o i n t  through which a thermocouple gauge measured pressures  
ins ide  the furnace; - and the  top assembly, which c a r r i e d  a water-cooled s t e e l  
condensing surface. 
were sealed by means of l i g h t l y  greased "0" r ings .  
2 and 3. 

' 

The three  s e c t i o n s  r e s t e d  l i g h t l y  one on top of t h e  other ,  and 
The assembly is s h a m  i n  Figures 

The heater  w a s  a nichrome s p i r a l  embedded i n  r e f r a c t o r y  cement, located above 
An aluminum sample pan con- t h e  exhaust aper ture  i n  t h e  center  of t h e  base p la te .  

t a i n i n g  eleven concentr ic  grooves t o  increase  t h e  contac t  sur face  t o  t h e  coa l  sample, 
r e s t e d  on top of t h e  heater  and conducted the  hea t  evenly and rap id ly  t o  the coa l  
i n  the grooves. The hea ter  element was completely enclosed by t h e  sample pan, so 
t h a t  a l l  of the heat  r a d i a t i n g  from i ts  top and s i d e s  was in te rcepted  by the  pan 
and thereby made a v a i l a b l e  f o r  heat ing the coa l  sample. Damward heat  rad ia t ion  
could not be  u t i l i z e d ;  t h i s  hea t  loss w a s  minimized by a r a d i a t i o n  shield.  

Zxtending downward from the  base  of t h e  furnace, a s t a n d a d t a p e r  steel ground 
j o i n t  was cemented t o  a 2 1/4 inch diameter pyrex tube by means of a beeswax and 
r o s i n  seal; the  g l a s s  tubing narrowed t o  1 3/8 inch diameter as i t  curved i n t o  the  
f r e e z i n g  :rap, and continued i n  t h i s  s i z e  u n t i l  it reached the o i l  d i f fus ion  p q .  
This  was an e l e c t r i c a l l y  heated three-s tage pump s imi la r  t o  D i s t i l l a t i o n  Product 
I n d u s t r i e s  Model 6 ~ 2 % ;  backed by a W e 1  h mechanical pump, t h e  exhaust r a t e  w a s  
25 l i t e rs  of gas per  second, a t  7 x l d  mm. A f reez ing  t r a p  loca ted  between the  
furnace and the pumps served t o  p r o t e c t  the l a t t e r  from any l i g h t  condensable 
f r a c t i o n s  which might have d i s t i l l e d  over; i n  addi t ion  t o  i t s  p r o t e c t i v e  funct ion,  
the  t r a p  exerted a considerable  pumping a c t i o n  of i ts  own, s ince  removal of con- 
densable materials from t h e  gas  phase undoubtedly .lawered the  t o t a l  pressure i n  
t h e  system. 

The condensing sur face  (Figure 4) was t h e  bottom of a c y l i n d r i c a l  s t e e l  w e l l  
which pro jec ted  downward from the  top p l a t e  t o  a d is tance  of 15 ann above the coa l  
sample. 
be  cooled by c i r c u l a t i n g  tap water. 
c l o s e  t o  the  coa l  sur face  as poss ib le ,  by a thermocouple gauge which was connected 
t o  the  spher ica l  j o i n t  i n  t h e  wal l  of t h e  furnace. 
ably d id  not d i f f e r  g r e a t l y  from the  a c t u a l  pressure above the  coa l  sample, be- 
cause of t h e  long mean f r e e  p a t h s  a t  these low pressures .  
sample pan w a s  measured with an iron-constantan thermocouple i n s e r t e d  i n t o  t h e  
s i d e  of t h e  pan, and recorded on the  c h a r t  of a Brown Xlectronik recording potent io-  
meter. 
des i red  r a t e ,  t o  any requi red  temperature, and maintenance of t h i s  temperature f o r  
any length of time. 

Water i n l e t  and o u t l e t  tubes i n  the  top p l a t e  allowed t h e  condenser t o  
The pressure i n  the  furnace w a s  measured a s  

This measured pressure prob- 

The temperature of the  

An automatic hea t  c o n t r o l l e r  allowed uniform heat ing of the  sample a t  any 

Pi t tsburgh Seam bituminous coa l  was pulver ized i n  a hammer m i l l  and seived t o  
give 40-60 and 60-100 mesh samples. The coa l  was d i s t r i b u t e d  evenly i n  t h e  annular 
grooves of the ta red  sample pan, which w a s  then posi t ioned on top of the  heater. 
The thermocouple w a s  i n s e r t e d  i n t o  the  w e l l  i n  the  s i d e  of the pan, and a grounding 
wire was at tached between the  pan and the furnace t o  minimize s t r a y  e l e c t r i c a l  pick- 
up by t h e  thermocouple leads. 
s ta r ted .  

, 

The furnace was assembled, and the vacuum pumps 
When the pressure  i n s i d e  the vacuum chamber reached 10-4 mm, t h e  heater  
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w a s  energized; temperatures were recorded continuously on the  c h a r t  of the  Brown 
instrument, while  p r e s s u r e s  were w r i t t e n  i n  a t  i n t e r v a l s  of 5-10 minutes. A 
r a p i d  h e a t  input  w a s  requi red  f o r  the  f i r s t  10 minutes u n t i l  the  temperature 
reached 270°C; then a slow, cont ro l led  h e a t  r i s e  of 2 t o  3 dezrees  per  minute 
u n t i l  t h e  desired temperature was a t t a i n e d .  
a t  t h i s  temperature t h e  furnace was allowed t o  cool  under vacuum, t o  f o r e s t a l l  
a i r  oxidat ion of the contents ;  when near  room temperature, t h e  furnace was 
vented t o  the  atmosphere or t o  dry N 2  by means of a stopcock, and the  top l i f t e d  
of f .  

Af te r  1/2 t o  5 hours of d i s t i l l a t i o n  

The d i s t i l l a t e  appeared as a s o l i d  orange-red lacquer which coated t h e  
condensing sur face  wi th  a uniform film. 
t h e  condenser by scrap ing ,  but occasional ly  it was dissolved off with a s u i t a b l e  
so lvent  which was af terward removed by evaporation. 

This f i l m  w a s  usua l ly  removed dry from 

Experimental Data 

Table 1 sunrmarizes t h e  experimental condi t ions and presents  some of the  re- 
Temperatures are given i n  degrees Centigrade, and times s u l t s  of t h e  pyrolyses. 

i n  hours and decimal f r a c t i o n s  of an hour. 
cons tan t  temperature a t  which t h e  s"pl,e was thermostatted, while  t h e  pyro lys i s  
time vas the  t o t a l  time t h e  sample remained wi th in  10°C on e i t h e r  s i d e  of t h i s  
temp era t u r  e*. 

The pyro lys i s  temperature w a s  the 

* The sample pan temperatures were subject  t o  a d r i f t  of s e v e r a l  degrees on e i t h e r  
s i d e  of the c o n t r o l l e d  temperature because the  dynamic condi t ions 'o f  heat  exchange 
i n s i d e  t h e  furnace were not  compensated f o r  exac t ly  by the c o n t r o l  instrumentation. 
This d r i f t  w a s  usua l ly  less than f5"C ,  but on occasion i t  r o s e  t o  5 l O " C .  

Figure 5 represents  a t y p i c a l  heat ing curve, and shows the v a r i a t i o n  of 
temperature and p r e s s u r e  with time, f o r  a s i n g l e  experiment (No. 16). 
are given i n  m a  of c u r r e n t ,  of t h e  thermocouple pressure gauge; the  c a l i b r a t i o n  of 
t h i s  gauge i s  shown i n  Figure 6. Ordinar i ly  as the temperature of the coa l  w a s  
r a i s e d  even s l i g h t l y  above room temperature, an imnediate pressure  r ise  was ob- 
served, denoting t h e  evolut ion of small amounts of gases. 
continued t o  2b-270° ,  when the pressure  began t o  drop again, desp i te  the f a c t  t h a t  
the  c o a l  was s t i l l  being heated and i ts  temperature was s t i l l  r i s ing :  - t h i s  was the  
removal of occluded gases  observed by Wheeler (3).  It was not  observed i f  the coa l  
had been preheated under vacuum (as it  was i n  experiment 16), s ince  these gases 
were removed by t h e  preheat .  
t h e r e  w a s  no f u r t h e r  pressure  change u n t i l  about 3 5 0 ° C ,  when the pressure again 
began t o  r i s e  slowly, cont inuing t o  rise a s  long a s  the temperature continued t o  
increase.  When t h e  temperature became constant ,  i n  t h i s  experiment a t  5U", the  
gas evolut ion f e l l  off  and the  vacuum pumps were ab le  t o  reduce the  pressure a f t e r  
a s h o r t  time. 

The pressures 

This gas evolution 

A s  the temperature continued t o  increase above 270°C 

Although t h e  temperature a t  which the pressure  ins ide  the  furnace began t o  
increase  was f a i r l y  cons tan t  a t  380-4a0, t h i s  w a s  not  a v a l i d  ind ica t ion  of the 
temperature a t  which t h e  coa l  could be considered as beginning t o  decompose, be- 
cause of the  e f f i c i e n c y  of t h e  vacuum pumps. 
observable pressure  rise ranged between 3U-470" and merely indicated when the 
l a t e  of gas evolu t ion  was approaching t h e  gas moving capac i ty  of t h e  oil di f fus ion  
pump, t h a t  is  25 liters per  second (4). 

The temperature of the  f i r s t  
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I n  order t o  c o r r e l a t e  t h e  experimental data ,  the  sample weight l o s s e s  were , 

p l o t t e d  a g a i n s t  temperature (Figure 7) .  This  p l o t  w a s  l i n e a r ,  with a f a i r  amount 
of s c a t t e r  a t t r i b u t e d  t o  t h e  d i s t i l l a t i o n  times. Wiiere s e v e r a l  experiments showed 
t h e  same weight loss f o r  d i f f e r e n t  pyro lys i s  temperatures (e .g .  experiments 17, 
11, 15), t h e  runs a t  t h e  lower temperatures-were invar iab ly  assoc ia ted  with longer 
d i s t i l l a t i o n  times; s i m i l a r l y  when severa l  experiments a t  the same temperature ex- 
h i b i t e d  d i f f e r e n t  weight l o s s e s  (e.g. experiments 10, 9 ,  28) then t h e  samples were 
exposed t o  e leva ted  temperatures f o r  d i f f e r e n t  lengths  of t i m e .  -- 

In severa l  experiments t h e  sample was not  heated d i r e c t l y  t o  t h e  maximum 
value near 5OO"C, but  w a s  ins tead  brought t o  var ious intermediate  temperatures, 
and t h e  weight loss determined a f t e r  each heating. Table 2 presents  a comparison 
of these stepwise d i s t i l l a t i o n s  with d i r e c t  hea t ing  t o  the f i n a l  temperature, and 
shows t h a t  t h e r e  was no appreciable  d i f fe rence  i n  weight loss between samples which 
were subjected t o  stepwise pyro lys i s  and those brought d i r e c t l y  t o  t h e  maximum 
temperature. 

Table 2 

Cmparison of Stepwise D i s t i l l a t i o n  with- Direct Heating t o  F ina l  Temperature 

Pyro lys is  Pyro lys i s  
Temper a t u r  e Time 

Expt. No. ( "c) ( h r s )  

Stepwise: 1-1 
1-2 
1- 3 
1-4 

Direct :  12 

Stepwise: 7-1 
7- 2 

Direct: 9 

Stepwise: 20-1 
a - 2  

Direct: 18 

0.67 
1.05 

_.  3.83 
0.92 

3.25 

1.25 
0.67 

1.50 

1.00 
0.50 

1.10 

Per Cent (by weight) of 
Sample Vola t i l i zed  

Total: - 

Total: - 

Total: - 

5.5 
1.0 

U. 8 
0 

18.3 
- 
18.9 

n o t  measured 
not measured 
16.8 
17.3 

6.6 

17.1 
% 

PROPERTIES OF THE SOLID CONTXNSATE 

Apparatus and Procedure 

Molecular Weipht: - The average molecular weight of the fragments comprising t h e  
s o l i d  pyro lys i s  d i s t i l l a t e  w a s  determined ebul l ioscopica l ly  by a modified Menzies- 
Wright method (5). The choice of a s u i t a b l e  solvent  f o r  use i n  the  ebulliometer 
w a s  complicated by t h e  p a r t i a l  s o l u b i l i t y  of the  sample i n  t h e  so lvents  commonly 
employed i n  t h i s  determination; and t h e  average molecular weight of the  e n t i r e  sample 
w a s  desired,  no t  merely a so lvent  extract. Therefore a new solvent  was required: 
a pure compound, preferably,  which would d isso lve  the e n t i r e  sample, be chemically 
unreact ive,  have t h e  c o r r e c t  bo i l ing  range, and not  devia te  se r ious ly  from Raoul t ' s  
law.  



Table 1 

Resul t s  of Vacuum Pyrolyses: Y i e l d s  f o r  Di f fe ren t  Times and Tey-eratures  

Pyro lys is  Time a t  t h i s  Per  Cent of 

E x p t .  No. ( “ c )  ( h r s )  Vola t i l i zed  
_Temperature Temperature Sample 

2 
24 
27 
25 
26 
23 
30 
22 
1-1 
3 

M-1 
21 
4 
29 
13 
28 
18 
9 

12 
16 
11 
17 
15 
14 
10 

1. 17 
0.75 
0.62 
2.17 
1-75 
0.58 
1.00 
1.83 
0.67 
1.30 
1.00 
4.55 
2.33 
2.20 
3.90 
1.50 
1.10 
1.50 
3.25 
4.85 
2.83 
4.00 
2-55 
2.83 
3.33 

2.5 
3.4 
3.4 
3.7 
3.7 
3.8 
3.8 
4.0 
5.5 
6.0 
6.6 
7.1 

12.1 
14.1 
15-7 
16.6 
17.1 
17.3 
18.9 
19.8 
20.6 
20.6 
20.9 
21.5 
22.6 

A b e t t e r  es t imate  of t h e  decomposition temperature came frcin the f i r s t  
appearance of t h e  s o l i d  d i s t i l l a t e  on the condensing surface. 
occur a t  355’, severa l  degrees lcwer than t h e  temperature a t  which the pressure 
began t o  rise in the furnace. 
temperatures as low as 270Oc. 

The weight loss of the  sample pan after an experiment represented the sum of 
the v o l a t i l e s  d i s t i l l e d  out  of t h e  coa l ,  p l u s  degradation products  l i b e r a t e d  as a 
r e s u l t  of t h e  thermal treatment. This  weight loss ranged from 2.5 per  cent  t o  
near ly  23.0 per cent  depending upon experimental condi t ions,  - i n  good agreement 
w i t h  the 28 per cent  weight loss reported by Jue t tner  and Howard (2). 
of s o l i d  d i s t i l l a t e  a c t u a l l y  recovered w a s  40 per  c e n t  t o  50 per  c e n t  of the t o t a l  
weight loss. 
pyrolys is  products were made up of substances which were v o l a t i l e  a t  tap water 
temperature. These included non-condensable gases such as carbon monoxide, carbon 
dioxide, and methane, p l u s  moisture  and traces of l iquors  and l i g h t  o i l s ;  t h e  
latter w e r e  f rozen out  t o  prevent  them from pol lu t ing  the vacuum pumps. Since the  
i n t e r e s t  l a y  pr imari ly  i n  the  condensate which was s o l i d  a t  tap water temperature, 
and not  i n  t h e  gaseous or l i q u i d  products, no attempts were made t o  recover these 
o r  t o  c a l c u l a t e  a mater ia l  balance. Yields of s o l i d  condensate were not  determined 
because t h e  deposi ts  on the  salt  p l a t e s  and the  cement holding these p l a t e s  could 
n o t  be measured accurately. 

This was  found t o  

No s o l i d  d i s t i l l a t e  w a s  ever observed a t  

The quant i ty  

Except f o r  small mechanical losses ,  the  bulk of the  unrecovered 1 

1 

1 



No s u i t a b l e  pure compound was found; however mixtures of methanol and 
benzene dissolved the sample completely (although n e i t h e r  alone w a s  a b l e  t o  do 
so) ,  and appeared otherwise des i rab le ,  s o  t h a t  t h e  methanol-benzene azeotrope was 
chosen a s  t h e  solvent  f o r  t h e  molecular weight determinations. The azeotrope was 
prepared a s  needed by d i s t i l l a t i o n  through a 2 f t  a d i a b a t i c  column packed with 
he l ices .  Removal of water from the methanol and benzene w a s  not necessary s ince 
t h e r e  i s  no whter-methanol-benzene azeotrope; any water which may have been pre-  
s e n t  w a s  l e f t  i n  t h e  pot .  

The ebulliometer w a s  c a l i b r a t e d  by adding successive p o r t i o n s  of known sol- 
u t e s  (diphenyl, Easman 72l, and diphenyl ph tha la te ,  Eastman 708, used without 
f u r t h e r  p u r i f i c a t i o n )  t o  a .25 m l  a l i q u o t  of bo i l ing  solvent ,  and p l o t t i n g  the 
boi l ing  poin t  e leva t ion  a g a i n s t  the  number of .moles of s o l u t e  added. 
molecular weight of unknown samples could then be ca lcu la ted  from the boi l ing  
poin t  e leva t ion  f o r  measured sample weights. 

The 

Absorption Spectra: - Absorption s p e c t r a  of l i q u i d  der iva t ives  from c o a l  such a s  
solvent  e x t r a c t s ,  hydrogenation products, and d i s t i l l e d  tars a r e  e a s i l y  obtained; 
but the  s o l i d  condensates were only p a r t i a l l y  so luble  in nonpolar solvents  ( e . g .  
-carbon te t rachlor ide ,  carbon d i s u l f i d e ,  chloroform) and s o  the  s p e c t r a  of 
so lu t ions  i n  t h e  solvents  were not representa t ive  of the complete sample.. Ab- 
sorpt ion spec t ra  obtained d i r e c t l y  from tne  s o l i d  sample were preferable;  but no 
completely s a t i s f a c t o r y  technique was known; X u j o l  mulls ( 6 ) ,  t h i n  sec t ions  (7 ,s )  
and-IGr p e l l e t i n g  ( 9 )  a l l  had disadvantages. I n  a new technique, advantage vas  
taken of the  vapor phase condensation by which t h e  s o l l d  d i s t i l l a t e  w a s  formed. 
A rock sa l t  or a KBr p l a t e  was mounted d i r e c t l y  above t h e  coa l  sample i n  the  
furnace, and the  vapor allowed t o  condense d i r e c t l y  upon it (10); the  coated 
p l a t e s  were then inser ted  i n  t h e  spec t rone ter ,  and s p e c t r a  were determined 
d i r e c t l y  from t h e  s o l i d  samples. 
were eas i ly .handled ,  and the  oppor tuni t ies  f o r  chemical changes t o  take  place as  
a r e s u l t  of handling t h e  sample i n  a i r ,  treatment with so lvents ,  gr inding with 
KBr, e t c .  were minimized. 

Uniform coa t ings  were obtained,  the  samples 

NaCl p l a t e s  were cemented d i r e c t l y  t o  t h e  condenser sur face  using rubber 
These p l a t e s  were removed from t h e  furnace immediately.af ter  cement (Ffgure 4) .  

each experiment and placed i n  a des icca tor  u n t i l  they could be examined. 
cases  where the  pyrolyses were conducted a t  low temperatures (355-320"C) the  
p l a t e s  were too t h i n l y  coated t o  y i e l d  s a t i s f a c t o r y  spectra ,  and they w e r e  a l -  
lowed t o  remain in t h e  furnace throughout severa l  pyrolyses t o  allow a heavier 
coat ing t o  be b u i l t  up. 
p l a t e  t o  cast a shadow and provide a coa t ing  whose thickness  var ied  continuously 
along one dimension of ' the  p l a t e .  By moving t h i s  p l a t e  i n  f r o n t  o f  t h e  speccro- 
meter aperture  it  was subsequently poss ih le  t o  l o c a t e  t h e  optimum sample thick-  
n e s s , .  and obtain the bes t  spec t ra .  

I n  s.ome 

On occasion a k n i f e  edge w a s  mounted over t h e  N a C l  

Infrared spec t ra  were obtained wi th  a Perkin Elmer Model 21 double beam 
spectrometer, using a pol ished N a C l  p l a t e  i n  t h e  re ference  beam.' Ul t rav io le t  
spec t ra  were obtained with a Cary Model 11 instrument, using a i r  as tb reference 
mater ia l  ins tead  of t h e  pol ished NaCl plate.. 

Density: - The densi ty  of t h e  s o l i d  condensate w a s  determined by a s ink-or - f loa t  
method i n  br ine.  The samples as scraped from the  condensing sur face  cons is ted  
o r i g i n a l l y  of i r r e g u l a r l y  shaped p a r t i c l e s  containing entrapped air which caused 
them t o  f l o a t  even inpure water. It was necessary t o  hea t  the  sample i n  water to  



i t s  sof ten ing  poin t ,  t o  l i b e r a t e  t h i s  entrapped a i r ;  a f t e r  cool ing,  i t  was trans- 
f e r r e d  t o  the thermostat ted container  containing t h e  b r i n e  so lu t ion .  

Saturated brine s o l u t i o n s  were prepared by adding NaCl (Baker and Adamson 
reagent  grade, used wi thout  f u r t h e r  p u r i f i c a t i o n )  t o  boi l ing  d i s t i l l e d  water and 
al lcwing t h e  s o l u t i o n s  t o  cool; a quant i ty  of d i s t i l l e d  water was boi led  f o r  
s e v e r a l  minutes t o  remove dissolved a i r ,  and t h i s  too  was allowed t o  cool. Brines 
of varying concent ra t ions  were prepared by mixing these two so lu t ions ,  ra ther  than 
by adding N a C l  c r y s t a l s  d i r e c t l y  t o  t h e  system containing t h e  sample.  

Equilibrium w a s  approached from both d i rec t ions :  s a t u r a t e d  N a C l  so lu t ions  
conta in ing  t h e  e n t i r e  sample a t  the  sur face  were d i l u t e d  by dropwise addi t ion of 
t h e  a i r - f r e e  d i s t i l l e d  water u n t i l  the p a r t i c l e s  sank; and d i l u t e  N a C l  solut ions 
containing t h e  sample a t  t h e  bottom w e r e  concentrated by dropwise addi t ion  of 
s a t u r a t e d  N a C l  s o l u t i o n  u n t i l  the p a r t i c l e s  f loa ted .  A t  equi l ibr ium most of t h e  
sample hung suspended i n  the  body of t h e  so lu t ion ,  wi th  apparent ly  equal numbers 
of p a r t i c l e s  moving upward and downward. 
was taken as t h e  d e n s i t y  of the  sample. 

The dens i ty  of t h e  s o l u t i o n &  this poin t  

Ref rac t ive  Index: - The r e f r a c t i v e  index w a s  measured with an Abbe refractometer; 
however, considerable  i n t e r f e r e n c e  w a s  experienced from t h e  s o l i d  form and the in-  
tense  co lor  of t h e  sample. 
through the melted sample on a heated s t a g e  was low. 
measurements were made by troweling a t h i c k  s l u r r y  of the  sample i n  methanol- 
benzene d i r e c t l y  t o  t h e  underside of t h e  top prism and allowing i t  t o  set t o  a 
tacky, semi-solid mound, eventua l ly  drying t o  a s o l i d  mass. Since t h e  s l u r r y  
o r i g i n a l l y  wet ted t h e  g l a s s ,  ‘$is mound was i n  ,close contac t  with t h e  prism. 
Refrac t ive  index measurements w e r e  made by r e f l e c t e d  sodium D l i g h t  at 25OC. 

Transmission of l i g h t  through pyr id ine  so lu t ions  o r  
However, successful  

Softening Temperatures: - A few p a r t i c l e s  of sample w e r e  i n s e r t e d  between cover 
g l a s s e s  on the  e l e c t r i c a l l y  heated s t a g e  of a low power ( 6 0 ~ )  microscope, which 
was i l luminated simultaneously .from above and below t o  provide top i l luminat ion 
of t h e  specimen a g a i n s t  a white  f i e l d .  
t h e  top cover g l a s s  a t  p o i n t s  of contac t  between p a r t i c l e s  and g lass ,  the 
rounding off  of rough edges of t h e  smal les t  p a r t i c l e s ,  and t h e  disappearance of 
sc ra tches  and gouges from the  f r a c t u r e  sur faces  of t h e  l a r g e r  p a r t i c l e s .  
constantan thermocouple was used t o  measure temperatures. 

Melting was observed as t h e  wet t ing of 

An iron- 

Solubi l i ty :  - Severa l  p a r t i c l e s  of the  sample were placed i n  a test tube and 5 m l  
of solvent  were added, a t  roan temperature. 
phase was taken as complete s o l u b i l i t y ;  heavy co lora t ion  of t h e  so lvent  w i t h  s o l i d  
phase r a i n i n g  w a s  talcen a s  p a r t i a l  s o l u b i l i t y ;  bu t  very s l i g h t  co lora t ion  of the 
so lvent  was ignored i f  the bulk of t h e  s o l i d  remained, and t h e  sample considered 
insoluble .  

Complete disappearance of t h e  s o l i d  

Experimental Data 

Appearance: - The s o l i d  p y r o l y s i s  d i s t i l l a t e  coated t h e  condensing sur face  as  a 
t ransparent  lacquer ,  i n i t i a l l y  yellow-orange i n  co lor ,  bu t  rap id ly  turning red- 
b r m  and then black,  i n  a i r  and l i g h t .  
was observed t o  be s t i l l  red-brown t o  t radsmi t ted  l i g h t .  
and broke w i t h  a conchoidal f r a c t u r e .  
attempts t o  induce c r y s t a l l i z a t i o n  proved unsuccessful. 

Under t h e  microscope the black substance 
The s o l i d  was amorphous 

No c r y s t a l  s t r u c t u r e  was  v i s i b l e ,  and a l l  



Softening Temperatures: - No sharp, d e f i n i t e  mel t ing poin t  was  observed. :?hen 
f r e s h l y  prepared, the condensates sof tened as low as 45 "C; however, a i r  oxidation 
of t h i n  f i lms  on glass  or N a C l  p l a t e s ,  o r  extended exposure t o  e leva ted  t s p e r 2 r c r 2 ;  
r a i s e d  the  sof tening temperatures t o  as high as 180°C. 

Chemical Analysis: - Proximate and u l t imate  an i lyses  f o r  the  same Pittsburg'n Sc=! 
bituminous c o a l  used i n  these  experiments have been repor ted  by R. A. Gleils (11). 
Table 3 gives carbon and hydrogen analyses  f o r  t h e  s o l i d  condensate, the  resic',llal 
char ,  and the  parent coa l  substance. 

Table 3 

Carbon - Hydrogen Analysis of P i t t sburgh  Seam Coal, Sol id  Condensate, as6 C t z l r A  

Original  Sol id  S o l i d  
Coal2 Condensate Char 
($1 ($1 ( d !  

Carbon: 78.48 a . 9 9  76.k1 

Hydrogen: 5 - 6 0  7.48 4.91 

Residue on combustion: <. 84 0.47 U.05 

Atomic C/H r a t i o :  1. I 2  0.95 1.52 

huffman Laborator ies ,  Wheatridge, Colorado. 

2As received, no t  on an ash  and moisture  f r e e  bas i s .  

Molecular Weight: - Methanol and benzene form a minimum b o i l i n g  azeotrope a t  the 
composition 39.6 per cent  methanol and 6Q.4 per  c e n t  benzene, which b o i l s  2: 5 6 . : " C ,  
a t  760 m (12). The boi l ing  poin t  of t h e  azeotrope var ied  between 57.3" and 57.:" 
due t o  d a i l y  barometric f l u c t u a t i o n s  between 735.5 and 742.0 mm, averaging 57.55"C 
a t  739 m. When corrected t o  760 mm by Young's equation (13): . 

At = (760 - P) (T) ( C )  (1; 

where At = temperature t o  b e  added t o  c o r r e c t  the  boi l ing  temperature t o  760 m, 
p = observed pressure,  739 mm. 
T = measured temperature, 30.71"K 
C = a constant = 1 . 1 X  10- 2 f o r  methanol-benzene 

the  cor rec ted  boi l ing  poin t  was 5 8 . 3 ' ~ ~  i n  agreement with the  l i t e r a t u r e  value. 

Figure 8 presents  tte e b u l l i o m e t e r  c a l i b r a t i o n ,  a p l o t  of bo i l ing  p o i n t  
e leva t ions  against  moles of s o l u t e  added. 
t h e  or ig in ,  s ince zero s o l u t e  gave zero boi l ing  poin t  e levat ion;  and the  b e s t  
s t r a i g h t  l i n e  a s  ca lcu la ted  by a l e a s t  squares treatment was drawn through the data 
points .  The slope of t h i s  curve was 553.13 and the average devia t ion  from t h i s  
value was  less than 3 p e r  cent .  
methanol-benzene was a s u i t a b l e  solvent  f o r  use i n  t h e  ebul l iometer ,  and i n i c r r e d  
that the  azeotrope obeyed Raoul t ' s  l aw ,  or a t  least deviated from it by only a r . l n l l  

The curve was cons t ra ined  t o  p a s s  tkroug,i 

This l i n e a r  c a l i b r a t i o n  p l o t  indicated t t a t  



amount; a l s o  t h a t  assoc ia t ion ,  d i ssoc ia t ion ,  or  chemical r e a c t i o n s  between so lu te  ' 
and so lvent  were a t  a minimum, s ince these  e f f e c t s  would have caused the  data  poin ts  
t o  deviate  from a s t r a i g h t  l i n e .  

The ebul l iumeter  equat ion was: A t  = 553.13 (V/N) ( 2 )  

where: A t  = b o i l i n g  p o i n t  e l e v a t i &  (cm water) 
w = weight of s o l u t e  (g)  
M = molecular weight of s o l u t e  (gdmole)  

The molecular weights  of t h e  unknown samples were then determined by: 

M = 553.13 (l?/At) 

M =  
(3) 
(4) 

where A = slope of p l o t  of At aga ins t  W, f o r  the unknown solute .  

Table 4 gives t h e  r e s u l t s  of molecular weight determinations on several  s o l i d  
' 

pyrolys is  condensates: 

Table 4 

Solu te  Molecular Weight 

S o l i d  condensate, expt. 4 266 

S o l i d  condensate, expt. 2 .. 279 

S o l i d  condensate, expt. 7 270 

Average, rounded of f  t o  2 s i g n i f i c a n t  f i g u r e s  270 

Aosorption Spectra: - Figure 9 is representa t ive  of the  i n f r a r e d  spec t ra  obtained, 
and shows the absorp t ion  spectrum of the  s o l i d  condensate of a t y p i c a l  pyrolysis. 
Comparison of the  s p e c t r a  of the  condensates with the o r i g i n a l  coa l  w a s  desired; but  
only the s p e c t r a  of the-Pinthtaxylon cons t i tuent  of P i t t sburgh  Seam coal  was ava i lab le  
( 8 ) ,  and not spectra of the  whole coa l .  These published s p e c t r a  were considered 
appropriate ,  s ince  P i t t s b u r g h  Seam coal  i s  approximately 85 per  cent  anthraxylon, ,- 

and t h i s  petrographic  c o n s t i t u e n t  is. probably the most suscept ib le  to pyrolysis  and 
d i s t i l l a t i o n .  F r i e d e l  has suggested t h a t  i n f r a r e d  s t u d i e s  of coa l  b e  conducted 
preferab ly  o n  t h e  anthraxylon--constituent and not on t h e  whole coa l ,  because the 
l a t te r  o f f e r s  considerable .  in te r fe rence  from minerals (8). 
f o r  a t h i n  s e c t i o n  of anthraxylon is shown i n  Figure 10." 

* Figure 10 and t h e  information i n  column 2 of Table 5 were not  obtained from 
reference 8, but from t h e  o r i g i n a l  spec t ra ,  loaned by Dr. F r ide l .  

It i s  inmediately apparent  t h a t  the  i n f r a r e d  absorpt ion spectrum of t h e  so l id  
condensate is e s s e n t i a l l y  i d e n t i c a l  with the spectrum of the anthraxylon thin 
sec t ion .  
remarkably s imi la r ;  and the loca t ions  of the bands and shoulders (Table 5) a r e  
i d e n t i c a l  wi th in  the  1imit.s of experimental accuracy. 
ad jacent  bands are the  same i n  both spec t ra ,  with a few small, but  possibly s i g -  
n i f i c a n t  d i f fe rences .  

The in f ra red  spectrum 

The shapes of the absorpt ion bands and the  shoulders on these bands a r e  ' 
'- 

The r e l a t i v e  i n t e n s i t i e s  of 
% 
, The band a t  3.0 p is somewhat less in tense  i n  the so l id  



condensate than i n  t h e  o r i g i n a l  coa l ,  poss ib ly  a s  a r e s u l t  of some loss of OH 
or  NH i n  the course of the  pyro lys i s ;  however, t h i s  3.0 9 band was  found t o  v2ry 
considerably between samples, and aging of the  samples produced changes too. 
The s l i g h t  d i f fe rences  i n  t h e  r e l a t i v e  i n t e n s i t i e s  of the  7.95 c and 13.38 p 
bands, between the  two spec t ra ,  resemble s h i f t s  observed i n  t h e  spec t ra  of 
mixtures, when there  i s  a change i n  the  proport ions,  but not i n  the  i d e n t i t y  of 
t h e  components. 
380°c), a s l i g h t  sharpening of the absorpt ion bands w a s  noted: more important, 
the  very s t rong band a t  6 . a  p was s p l i t  i n t o  2 bands having maxina a t  6.07 
and 6.20 p, while t h e  3.0 p band was s h i f t e d  t o  3.17 p. The general  appearance 
of t h e  spec t ra  remained unchanged. 

When the pyrolyses  were conducted a t  low temperatures (about 

. , T a b l e  5 
Absorption Maxima of Inf ra red  Spectra  (m) 

Pit tsburgh Seam Coal 
Vacuum Pyrolysis  Distillate 

Pi t t sburgh  Seam Coal 
Aii t h r  axy 1 on 

Film Approx. 0.02 nun Thick 
on N a C l  P l a t e  (0.020 nun Petrographic Sect ion)  

r ,  .. . 

Description 

2.34 k 0.02 
2.84 
3.02 
3.31 
3.44 
3.49 
5.26 
6.21 

6.48 
6.77 
6-92 
7.28 
7-92 . , 

9-70 
9.96 

10.60 
u.60 
12.32 
13.36 j: 0.04. 

2.32 
2.86 
3.00 
3-30 
3.43 
3.49 
5-25 
6.20 

6.47 
6.75 . 
6.88 
7-27 
7.92 
9.68 
9.95 

10.55 
11.60 
12. 25 
13-30 

- 

weak band 
weak shoulder 
band 
s t rong  shoulder 
band 
shoulder 
broad dip 
s t ronges t  band i n  

shoulder near hump 
shoul der 
band 
band - 
broad d ip '  
band 
f a i n t  shoulder 
shallow band 
broad band 
broad band 
broad band 

spectrum 

Figure IL shows t h e  u l t r a v i o l e t  spectrum f o r  a t y p i c a l  s o l i d  condensate, be- 
tween 2100 and boo Ao. 
observed were e i t h e r  zero absorpt ion (sample too t h i n )  o r  t o t a l  e x t i n c t i o n  
(sample too  thick). 
by having a kni fe  edge c a s t  a "shadow" on the  N a C l  p l a t e  during pyro lys i s ,  it was pos- 
s i b l e  t o  obta in  the u l t r a v i o l e t  spec t ra  of the  s o l i d  d i s t i l l a t e s .  
show maxima a t  2250 A' and 2600 A' i n  addi t ion  t o  a s l i g h t  hump i n  the curve a t  
2975 A'. 
wavelengths, due t o  the  excessive dispers ion of the t h i n  sec t ions ,  N u j o l  mulls, and 
KBr p e l l e t s ,  no comparison with the  o r i g i n a l  coa l  could be made. However, the  
u l t r a v i o l e t  spec t ra  were found t o  resemble the  spec t ra  of c o a l  ex t rac ts .  
and Layton (14.4) obtained similar spec t ra  from solvent  e x t r a c t i o n  of bituminous 
coa ls ,  with absorption maxima af.2300 A' and 2600 Ao. 

I n i t i a l l y  the  only u l t r a v i o l e t  s p e c t r a  which could be  

When a continuous v a r i a t i o n  of sample thickness  w a s  achieved 

These spec t ra  

Since u l t r a v i o l e t  spec t ra  have not been reported f o r  coa l  i n  t h i s  range of 

Barclay 



i 

Molar Refraction: - Molar r e f r a c t i o n s  were c a l c u l a t e d  from the  Lorentz-Lorenz 
equation (15,16), us ing  t h e  measured values of t h e  phys ica l  p roper t ies ,  Table 6 .  

r, c 

' d  ( 5 )  

Table 6 
Phys ica l  Proper t ies  of the  S o l i d  Condensate 

Molecular weight: M = 270 

Density: d25e = 1.171 g/ml 

Refrac t ive  index: 

Molar re f rac t ion :  (ca lcu la ted)  [R] , 85.9 c c  

n25 = 1.668 D 

Solubi l i ty :  - Table 7 p r e s e n t s  some coarse determinations of s o l u b i l i t y  i n  various 
organic  and inorganic  so lvents .  

Table 7 
S o l u b i l i t y  of S o l i d  Condensate i n  Various Solvents  

Insoluble  P a r t l y  Soluble Soluble  

Water benzene %SO4, concd. 
NaOH, concd. and d i l .  methanol Phenol above i t s  melt ing point  
HC1, concd. and d i l .  dioxane Other organic bases such as pyridine, 
H3PO.4, syrupy chlorobenzene quinol ine,  a n i l i n e ,  dimethylf ormamid 
Acetic ac id  o( - b r  omonap tha  1 ene e tc .  
Acet ic  anhydride carbon t e t r a c h l o r i d e  Various phenol-water solut ions 

' chlorof  o m  
carbon d i s u l f i d e  anthracene, phenanthrene, above thei: 

Aroma t ic  hydrocarbon s as nap-thal ene , 
melt ing points .  

, 

Vapor Sorption: - The s o r p t i o n  of 

R. Trammel (17). Table 8 shows t h a t  the  s o l i d  condensates sorbed i r r e v e r s i b l y  
about 4 times t h e  weight  of amine as the  char and t h e  coal .  
latter were e s s e n t i a l l y  the  same, indica t ing  t h a t  t h e  coa l  was not extensively 
degraded i n  its t r a n s i t i o n  t o  char. 

-methoxyethylamine vapor on the  s o l i d  condensate , 

and the  r e s i d u a l  char  was  compare L t  with  sorpt ion on coal ,  by the method of 

The values  f o r  t h e  , 

J 

i 

! 



Table 6 
Sorption of -Xetho-xyethylamine Vapor on S o l i a  Condensate, 

Resid ! a1 Char, and Parent Coal, a t  35°C.  

So l id  Condensate S o l i d  Condensate ?,esidual Char hnthraxylon 
?io. 16 No. 29 ilo. 29 ( -1GO nesh)  

Sample before 
drying: 0.1766 g 0.1855 g 0.1768 g 3.mm g 

Sample a f t e r  
drying: 0.1766 0.1852 0.1768 G . a i 8  

Sample a f t e r  
evacuation: 0.1766 0.~349 0.1768 0.  w 9 9  

Tieight amine 
sorbed (mg):lj.12 mg 1-5.38 mg 4.17 mg 4.23 ng 

>lP (mg/grams 
sample): 85.61 mg/g 83-19 mg/a 23.60 mgfg 21.39 mg/p 

Discussion 

Bituminous coal  o r d i n a r i l y  sof tens  and s w e l l s  up u d a r  the actioil of  k a t  a t  
atmospheric pressure, and the  p a r t i c l e s  of coal  f u s e  together i n  the p r e l i n i s a r y  
s tages  of the coking pr.ocess. Ar'ter vacuum pyro lys is  hwever ,  the  res idua l  cher 
continues t o  resemble s t rongly  the o r i g i n a l  coa l  sample; there  is  no caking, no 
agglomeration, and p r a c t i c a l l y  no swelling of the p a r t i c l e s .  T'ne s b i l a r ' t y  of 
t h e  vacuum pyrolysis  char  t o  the  parent  coa l  substance is a l s o  pointed up by 
t h e i r  sirr.ilar behavior t o  sorpt ion of amines, and ind ica tes  again t h a t  the  c o a l  
has not been extensively degraded in  forming the char. . .  

Inf ra red  s p e c t r a l  ana lys i s  d i sc loses  t h a t  the  s o l i d  condensate resmbles 
t h e  o r i g i n a l  coal  i n  a s t r i k i n g  manner, so t h a t  it has probably not been f a r  de- 
graded from its o r i g i n a l  form i n  t h e  coal. Apparently some por t ion  of the coal  ' 
responsible  f o r  the c h a r a c t e r i s t i c  spectrum has d i s t i l l e d  over unchanged. 
Although there  are similarities between Figure 9 and the s p e c t r a  of o ther  coa l  
products, such a s  asphal tenes  from hydrogenation of Pi t tsburgh Seam coal  (a )  
and benzene e x t r a c t s  f rm thissame c o a l  (18), it is. evidant  t h a t  the  s o l i d  con- 
densates resemble the  parent  coa l  much more than they resemble o ther  coa l  
der ivat ives .  

Vacuum pyrolysis  of coa l  appears, then, t o  c o n s t i t u t e  a gent le  degradation 
'which gives  rise t o  l i t t l e  secondary cracking; t h i s  i s  f u r t h e r  subs tan t ia ted  by 
the  neut ra l  character  of the  s o l i d  condensate ( s o l u b i l i t y  class 32) and the  absence 
of appreciable q u a n t i t i e s  of l i q u i d  o i l y  condensates. 
may be considered t o  be primary decomposition products, then a study of t h e i r  
physical  p roper t ies  should give an i n s i g h t  i n t o  the  chemical composition of coal. 

C o a l  d i s t i l l a t e s  a r e  predominantly hydrocarbons, whose s t r u c t u r e  may b e  made 

Since the  s o l i d  condensates 

up of combinations of the  var ious groups: 



i 

1. P a r a f f i n s  ( sa tura ted  a l i p h a t i c  groups) 
2. Napthenes ( c y c l i c  p a r a f f i n s )  
3. Aromatic r i n g s  
4. Aliphat ic  groups having i s o l a t e d  o l e f i n i c  linkages 

The ready s o l u b i l i t y  of t h e  s o l i d  condensate i n  co ld  concd. H2SO4 r u l e s  out  ful ly .  
s a t u r a t e d  hydrocarbons, and suggests t h a t  f u l l y  aromatic hydrocarbons without 
s i d e  chains  a r e  probably not  present .  
s e n t  from d i s t i l l e d  bitumens, and Fr iede l  (8) has found no evidence f o r  uncon- 
juga ted  o l e f i n i c  l inkages  i n  c o a l s  and coa l  d i s t i l l a t e s .  F r i e d e l  f e e l s  t h a t  long 
p a r a f f i n i c  s ide  cha ins  and condensed polynuclear aromatic r i n g  s t r u c t u r e s  are  
a l s o  absent  from coal .  

P o l l  (19) has sham t h a t  o l e f i n s  a r e  ab- ’ 
Chemical a n a l y s i s  of t h e  s o l i d  condensate has determined t h a t  the  atomic 

C/H r a t i o  i s  0.95; s ince  t h i s  ratio increases  with increas ing  numbers of fused 
aromatic r i n g s  (benzene = 1.0, napthakene = 1.25, etc.)  it is clear t h a t  the 
sample is n o t  f u l l y  aromatic. 
e x h i b i t  t h e  v i b r a t i o n a l  f i n e  s t r u c t u r e  c h a r a c t e r i s t i c  of condensed polynuclear 
aromatic r i n g  s t r u c t u r e s ,  it i s  f a i r l y  c e r t a i n  t h a t  the  s o l i d  condensate contains 
few, i f  any, condensed aromatic r ings .  

, 
Since t h e  u l t r a v i o l e t  spec t ra  (Figure U) do not  

One p o s s i b i l i t y  has  not  y e t  been considered: namely, i s o l a t e d  aromatic r i n g s  - 
fused  i n t o  hydroaronat ic  configurat ions,  and containing a l i p h a t i c  s i d e  chains 
l i m i t e d  i n  s i z e  t o  e t h y l  groups. 

The r e l a t i v e l y  high r e f r a c t i v e  index (consider ing t h a t  the  sample is  not 
c r y s t a l l i n e ,  but  r a t h e r  a supercooled l i q u i d ) ,  and t h e  in tense  red-brown colorat ion 
are indica t ions  of a complex resonat ing s t r u c t u r e  which might ord inar i ly  be ex- 
p la ined  by conjugat ion i n  2 highly aromatic molecule. 
configurat ion f o r  the  s o l i d  condensate must s a t i s f y  the  opposing requirements of 
t h e  spec t ra  on t h e  one hand, and the r e f r a c t i v e  index on t h e  other. 

Any suggested molecular 
~ 

The mblecular weight  of 270 l i m i t s  t h e  s i z e  of t h e  molecule, and the  C/H 
< 

r a t i o  def ines  t h e  degree of unsaturat ion;  taking i n t o  considerat ion the  im- 
probable  s t r u c t u r e s  outlinedabove, i t  is  poss ib le  t o  write down anumber of 

’ molecular models. For example: 

(4 (B) 

%LH22 
Empirical formula: 

Molecular e i g h t :  274 

C/H r a t i o :  ‘ 0.95 

D 



' The proposed molecular r o d e l s  mst  a l s o  be il agzee-si t  v i t h  the ceasured 
n o l a r  r e f r a c t i o n  of c j . 5  cc .  
of vario1.s a tozs  and s ~ t z x t u r a l  groilps: 

Eisel1o:u ( 2 2 )  has t a j d a t e d  S G r a c t i o i  Zq-ivalents 

i k f r e c t i o c  Equivalents f o r  Sod?= - D li-e 

Carbon 2. i+z 
Ey dr o gen l.39 
Dou5le bond 1.733 . -. 

-, \. 
-- 

By t h i s  tabulat ion,  both s t r u c t u r e s  ( A )  a d  (3) havinp 2 carbon a t a x ,  22 hydrogen 
atms, and 6 double bonds, have the c a l c d a t e d  z o l a r  refractroll: [X] = G5.k cc. 
Calculat ioz~ of the  z o l a r  r e f r a c t ~ o n  us123 t5e  ;old reZract io2s of k y t 5  (21) aod 
7ajaa.s (E?) ins tead  of t h e  r e f r a c t i o n  equivalents ,  grves t h e  s r e  valse ,  =sly . 

[R] = 85.4 CC. 

E the  molecule is a s s m e d  t o  b e  spher ica l  (perhaps not  too j u s t e r a 5 1 > - ) ,  
then an esti;late of the  nolecular  rad ius  ( r )  
Loranz re la t ion :  

>e -;l& f r g l  a p a r t  of t k e  ~ o r l - n t z -  

Subs t i tu t ing  the  reasured va lse  of r o l a r  rGractLm a d  Avogadro's. x c 5 e r  gives: 
r 
Hirsch's d e t e r a h a t i o n  (.53) :>ai t5e average d i a z t e r  of t3.e cor&ised a--o==ti= 
layers I: - coal a r e  7 t o  3 A*, c o r r e s p o z d k s  t o  & o r  5 co=&.--sad riqs. 

= 3.2k A O ,  or  a no lecular  d i z e t e r  of 5 . S  A O .  Tsis z z y  b e  cv , lue& ?it> 

It IS too early t o  &xi& 5etr;ea-. s:r.xii-res (A) +id ( 3 )  o r  s iz ikr  = o c k l s ,  
s i r c e  it is not even c e r t a k  ;kat t?>e s o l i d  coilszsat-5 c s s i s t s  of a sir;$.+ sx5- 
stance. It is =ore Likely 2 c q l e x  n i x t u r e  c o a t a 5 i z g  =a>- Lscers 72th sk=ilzr 
coi l r ' igcat ions.  Xterer'ore, whLle individual  pyse c ~ ~ ? o - z d s  n i g h t  have a>soQtio-, 
spec t ra  skiwing t o r e  f i x  s t r u c t u r e  than Figures  9 m d  X, i t  is p o s s i j l e  t h a t  
r iu t ; l res  so c q l e x  as those &rived f rm coel ,  czly t>e ;est o c t s t a z d k g  feit-dras 
caii p e r s i s t  aiid be recogaized as a b s o q t i o n  b2mis b i'le q e c t r a .  Tce iack of 
f b e  s t r x t u r e  i n  the u l t r a v i o l e t  spec t ra  nay s-larly 5% &e not only  t o  tiye 
moothing ac t ion  of a l i p h a t i c  s i& cha-ins and t y d - o ~ c  substitution for coiljugated 
a rona t ic  s t ruc tures ,  bu t  a l s o  t o  the  p o s s i b i l i t y  t h a t  the  s q l e  is a misture. 

- r .  ~ n i s  presentat ion is intended as azz i n t r o d x t i o n  t o  sme of t h e  proper t ies  of 
the  so l id 'vh ich  ccndenses a t  tap  water  t e q e r a t u r e ,  da r i zg  vacuikl pyro lys i s  of 
bituminous coal .  Further  cix.racterization of t h i s  s u b s t a c e  mist await t;le r e s u l t s  
of addi t iona l  i n v e s t i s a t i o m  a t  the Coal Besearch Laboratory. 
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Fig. 1 -- General View of Vacuum Pyrolysis Apparatus: Furnace, 
Cold Trap, O i l  Diffusion Pump, and 

?hemcouple  Pressure Gauge 



Fig. 2 -- Interior of  Vacuum Furnace (Condenser o f f s e t  t o  
show sample pan more clearly). 
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(Otner bushings to thermocouple) 

FIG. 3. -- VACUUM FURNACE 



Fig. 4 -- Assembly of Salt Plates on Condenser Sirface 
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fig. 5 - Typical Heating C w e  for pyrolysis Experiment 
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Fig. 6 -- Calibration of Thermocouple Pressure Gayge 
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Fig. 8 - Calibration of Ebulliometer and Methanol-Benzene solvent ' 
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